Ambient temperature fluctuations are of importance in a wide variety of scientific and technological arenas. In a series of experiments carried out in our laboratory over a 1.5-year period, we discovered that these fluctuations exhibit 1/f 3 spectral behavior over the frequency range 1.0 × 10 −5 ≤ f ≤ 2.5 × 10 −2 Hz, corresponding to 40 s ≤ T f ≤ 1.2 d, where T f = 1/f . This result, which is novel, emerges over a broad range of conditions. For longer time periods, 1.2 < T f ≤ 12 d, corresponding to the frequency range 1.0 × 10 −6 ≤ f < 1.0 × 10 −5 Hz, we observed 1/f 2 spectral behavior. This latter result is in agreement with that observed in data collected at European weather stations. Scalograms computed from our data are consistent with the periodograms.
I. INTRODUCTION
Ambient temperature plays an important role in governing the behavior of many biological and physical phenomena. It has a strong impact on a vast array of processes, in areas as diverse as neuronal signaling [1] , vaccine production [2] , semiconductor physics [3] , and gravitational-wave detection in the presence of thermal noise [4] . In the course of conducting a series of longduration semiconductor-optics experiments, it was essential to characterize the ambient temperature fluctuations in the local environment. We studied these fluctuations over a period of 1.5 years in a sequence of continuous experiments conducted in a dedicated laboratory. Individual experiments with durations as long as 12 d were carried out under a broad variety of conditions: day and night; summer, fall, winter, and spring; air-conditioning on and off, and heat on and off. The temperature spectra exhibited a universal power-law form.
II. METHODS

A. Measurement procedures
Two independent temperature-measurement systems were employed:
1. Thorlabs integrated-circuit resistance temperature detector
In this system, the temperature was measured with a Thorlabs (Newton, NJ) Integrated-Circuit Thin-Film-Resistor Temperature Transducer (Model AD590), which provides an output current proportional to absolute temperature. Used in conjunction with a Thorlabs Laser Diode and Temperature Controller (Model ITC502) operated in an open-loop configuration, this system has a temperature resolution of 0.01 • C, repeatability of ±0.1 • C, long-term drift of ±0.1 • C, and an accuracy of ±3.0 • C. Its operating range stretches from −45 • C to +145 • C. Temperature readings were recorded every 5 s and transferred to a laboratory computer via a National Instruments GPIB (General Purpose Interface Bus) [5] .
ThermoWorks resistance temperature detector
Independent temperature measurements were made throughout the duration of each experiment using a ThermoWorks (Lindon, UT) Temperature Data Logger (Model TEMP101A) that uses a resistance temperature detector. This device has a temperature resolution of 0.01 • C and an accuracy of ±0.5 • C. Its operating range stretches from −40 • C to +80 • C and it has a storage capacity of 10 6 readings. Temperature readings were again made every 5 s; in this case they were transferred to the laboratory computer in real time via a USB connector cable. Of nearly 3 million ThermoWorks temperature readings, 26 displayed a spurious value of 639.25 • C, randomly occurring over several files. These readings were replaced with the previous non-spurious readings.
B. Computational procedures
Periodograms
Periodograms represent estimates of the power spectral density vs. frequency [6] . Ambient temperature pe-riodograms for 13 mean-temperature data sets collected in our laboratory using the measurement procedures describe above are reported in the Results section. The data were not truncated in any way. The periodograms were computed from the raw data via a procedure similar to that described in Lowen & Teich [7, Sec. 12.3.9] , which is summarized below. The periodograms were neither detrended nor normalized.
1. The data were demeaned.
2. The data were multiplied by a Hann (raised cosine) window so that the values at the edges were reduced to zero.
3. The data were zero-padded to the next largest power of two.
4. The fast-Fourier transform (FFT) was computed.
5. The square of the absolute magnitude was calculated.
6. The resulting values were divided by the number of points in the original data set.
7.
Values with abscissas within a factor of 1.02 were averaged to yield a single periodogram abscissa and ordinate.
Scalograms
Daubechies 4-tap scalograms vs. scale for the same 13 mean-temperature data sets are also reported in the Results section. The scalograms were computed from the raw data via a procedure similar to that described in Lowen & Teich [7, Sec. 5.4.4] , which is summarized below. The scalograms were neither detrended nor normalized. [8] was carried out, using all scales available.
A Daubechies 4-tap wavelet transform
2. All elements of the wavelet transform that spanned the edges of the data set were discarded.
3. The square of all remaining elements were calculated and, since wavelet transforms are zero-mean by construction, this allowed the wavelet variance to be directly determined.
4. All such elements with the same scale were averaged.
C. Notation
1.
Temperature is denoted T and the periodogram is denoted S T (f ), where f is the periodogram harmonic frequency.
2. The inverse of the periodogram frequency f is denoted T f . Diurnal temperature fluctuations, which correspond to T f = 1 d = 86 400 s, thus appear in the periodogram at f = 1/T f = 1.16 × 10 −5 Hz, as discussed in the section pertaining to ambient temperature periodograms.
3. Sampling that takes place every T s s results in a maximum allowed frequency 1 2 /T s , as established by the Nyquist limit [6] . In the section pertaining to ambient temperature periodograms, T s = 5 s so the highest allowed frequency is 1 2 /(5 s) = 0.10 Hz, whereas in the section pertaining to weather-station temperature analysis, T s = 1 d so the highest allowed frequency is 1 2 /(86400 s) = 5.79 × 10 −6 Hz.
The Daubechies 4-tap wavelet variance is denoted
A T (T ), where T is the wavelet scale.
III. RESULTS
A. Ambient Temperature Periodograms
The ambient temperature periodograms portrayed in Fig. 1(a) , plotted one atop the other, represent 13 data sets recorded under a variety of conditions: day/night; all seasons; air-conditioning/heating on/off. Collected with the Thorlabs temperature detector, all of the curves closely follow each other. Indeed, the 13 curves presented in Fig. 1(a) are sufficiently similar that they may be averaged to improve the statistical accuracy of the data. To construct the averaged periodogram, a threshold of 198 048 measurements was determined to be the best compromise between including as many data sets, and as much of each, as possible. At 5 s per measurement, that corresponds to L = 990 240 s. The next largest power of 2 greater than 198 048 is 262 144, or 1 310 720 s. The lowest observable frequency is then 1/1310720, or 7.63 × 10 −7 Hz, while the highest observable frequency is the Nyquist limit 1 2 /(5 s) = 0.10 Hz, as discussed in the Methods section. As a result of noise reduction resulting from averaging, the highest frequency displayed is actually very slightly smaller than 0.10 Hz, namely 0.098 Hz.
The outcome of the averaging process, displayed in Fig. 1(b The observation of temperature fluctuations with a 1/f 3 spectral signature is unexpected and surprising, and, to our knowledge, has not been reported previously.
B. Joint Temperature Measurements
We now proceed to demonstrate that the two independent temperature-measurement systems, the Thorlabs and ThermoWorks resistance temperature detectors, yield similar results. The temperature periodograms displayed in Fig. 2(a) for both of these devices behave nearly indistinguishably for f 5 × 10 −4 Hz, the frequency at which the baseline noise of the ThermoWorks detector becomes appreciable. The Thorlabs detector registers fluctuations over nearly two additional log-units of frequency, as is clear from Fig. 1(b) .
Joint temperature measurements for the two thermometric systems are displayed in Fig. 2(b) . The mean temperatures T and coefficients of variation CV registered by the temperature detectors were T Thor = 22.41 • C and CV Thor = 0.01262 for the Thorlabs device, and T Thermo = 21.09 • C and CV Thermo = 0.01257 for the ThermoWorks device. The measured mean temperatures differ by 1.32 • C, which is within the margins of accuracy specified by the manufacturers: ±3.0 • C for the Thorlabs device and ±0.5 • C for the ThermoWorks device. The correlation coefficient for the temperature measurements is ρ = 0.9976, verifying that our measurement methods are sound and that our results are consistent. 
C. Ambient Temperature Scalograms
The ambient temperature scalograms portrayed in Fig. 3(a) , plotted one atop the other, represent the 13 data sets whose periodograms are presented in Fig. 1(a) . The choice of the Daubechies 4-tap wavelet variance for the scalogram is governed by a number of considerations, including the extended power-law exponent it accommodates and its insensitivity to constant values and linear trends [9, 10] . Temperature scalograms plotted on doublylogarithmic coordinates. (a) Unaveraged Daubechies 4-tap wavelet variance AT (T ) vs. scale T using the Thorlabs temperature detector. As with the periodograms displayed in Fig. 1(a) , all 13 plots closely follow each other even though they are measured under different laboratory conditions. (b) Averaged Daubechies 4-tap wavelet variance AT (T ) vs. scale T . The solid black curve is the mean of all 13 scalograms displayed in (a). The two blue curves hugging the black curve represent standard-error values (± S.E.). The averaged scalogram increases approximately as T 3 (dashed curve) over the range 24 ≤ T ≤ 6.7 × 10 4 s, in correspondence with the 1/f 3 decrease of the averaged periodogram portrayed in Fig. 1(b) . The vertical red line segment depicts the scale for diurnal temperature variations (1 d = 86 400 s).
As with the periodograms, all of the scalograms in Fig. 3(a) follow each other sufficiently closely that they can be averaged to improve the statistical accuracy of the data. The outcome of the averaging process, displayed in Fig. 3(b) , provides a result that grows roughly as T 3 over several log-units (dashed curve), stretching from T = 24 s to T = 6.7 × 10 4 s. The maximum permitted scale, corresponding to 1 sample, is 327 680 s or 3.8 d. The observed power-law growth as A(T ) ∝ T 3 lies well below growth as T 5 , where 5 is the maximum exponent permitted for the increase of the Daubechies 4-tap wavelet variance with scale, as discussed in Lowen & Teich [7, Sec. 5.2.5] . The cubic form of the observed scalogram corresponds to the inverse-cubic form of the periodogram.
The averaged wavelet variance A T (T ) displayed in Fig. 3(b) exhibits a small-scale cutoff at T A ≈ 24 s that separates behavior as T 0 from growth as T 3 , and a large-scale cutoff at T ′ A ≈ 6.7 × 10 4 s that separates growth as T 3 from growth as T 2 . Similarly, the averaged periodogram S T (f ) portrayed in Fig. 1(b) displays a low-frequency cutoff at f ′ S ≈ 1.0 × 10 −5 Hz that separates decay as 1/f 2 from decay as 1/f 3 , and a highfrequency cutoff at f S ≈ 2.5 × 10 −2 Hz that separates decay as 1/f 3 from behavior as 1/f 0 . Thus, the lowfrequency/large-scale cutoff product f ′ S T ′ A ≈ 0.67 and the high-frequency/small-scale cutoff product f S T A ≈ 0.60 are comparable, as expected.
The consistency of the scalograms and periodograms confirms that the computations for both measures are sound.
IV. CONCLUSION AND DISCUSSION
We have presented a collection of periodograms that display the spectral characteristics of ambient temperature fluctuations collected in our laboratory under different conditions. A subset of those experiments made use of two independent temperature-measurement systems; the concurrence of the results confirms that our measurement methods are sound. Joint temperature measurements using data collected by both systems attests to the consistency of our results. A corresponding collection of scalograms comport with our periodograms, verifying that our computational methods are trustworthy.
We now demonstrate that our ambient temperature periodograms match those calculated from data collected at European weather stations over the frequency region where they overlap, indicating that our experimental findings are sound. In weather-station temperature analyses, it is customary to model measures such as the periodogram in terms of piecewise decreasing power-law functions; see, for example, Pelletier [11] . We show that the 1/f 2 behavior observed in our periodograms accords with that observed at European weather stations over the same range of frequencies. This comparison is offered simply as an attestation to the validity of our experimental findings and not as commentary on a particular weather-analysis model.
In Fig. 4 , we present temperature time-series peri-odograms collected at European weather stations in Hungary and Switzerland. The data in the lower curve, adapted from Jánosi, Vattay & Harnos [12] , represent the unnormalized periodogram constructed from a temperature time series collected at the Hungarian Meteorological Service weather station in Szombathely, Hungary (elevation 209 m), using a Hann window. Similar results were obtained for data collected at two other Hungarian weather stations, in Nyíregyháza (elevation 116 m) and in Győr (elevation 108 m). The data in the upper curve, which are adapted from Talkner and Weber [13] , represent the unnormalized periodogram constructed from a temperature time series comprising daily mean temperatures collected at the Schweizerische Meteorologische Anstalt weather station in Zürich, Switzerland (elevation 556 m), using a Welch window. A nearly identical periodogram was obtained from data collected at the Swiss Alpine weather station on Säntis mountain (elevation 2490 m). Temperature data collected at other low-and high-altitude Swiss weather stations also yielded similar periodograms.
FIG. 4. Temperature-time-series unnormalized periodograms collected at weather stations in Hungary and Switzerland, plotted on doubly-logarithmic coordinates. The straight lines, which are proportional to 1/f 2 , were chosen to best fit the data. The data are seen to behave as 1/f 2 over the frequency range 0.1/day ≤ f < 0.5/day, corresponding to 2 < T f ≤ 10 d. In both studies, the maximum frequency reported in the periodogram is 1 2 /day = 5.79 × 10 −6 Hz, corresponding to T f = 2 d, as mandated by the rate at which the underlying mean-temperature data were recorded, which was once daily (Ts = 1 d). The data in the lower curve are adapted from Jánosi, Vattay & Harnos [12] while the data in the upper curve are adapted from Talkner and Weber [13] .
The results of our laboratory measurements, presented in Fig. 1(b) , are indeed in accord with those presented in Fig. 4 over the spectral region that the three sets of data share. In particular, the periodograms of Jánosi, Vattay & Harnos [12] and Talkner and Weber [13] exhibit 1/f 2 behavior over the range 2 < T f ≤ 10 d whereas our averaged indoor-temperature periodogram exhibits 1/f 2 behavior over the range 1.2 < T f ≤ 12 d.
Spectral behavior of the form 1/f 2 over these time scales is often ascribed to temperature fluctuations that exhibit a random walk. Although one might not expect that the spectral behavior of temperature time series collected in an indoor laboratory would coincide with those collected at a European weather station, the explanation for this conjunction may lie in the work of Jánosi, Vattay & Harnos [12] . These authors have compared the spectral properties of temperature measurements conducted in small laboratory convection cells [14] with those of extensive meteorological weather stations. The statistical character of the temperature fluctuations in small-scale laboratory experiments may resemble that exhibited by the diurnal atmospheric boundary layer by virtue of the hydrodynamical similarity between these seemingly different systems.
In any case, our temperature periodograms extend to substantially higher frequencies than those of Jánosi, Vattay & Harnos [12] and Talkner and Weber [13] because of the far higher rate at which we sampled the temperature, namely every 5 s. And it is at these higher frequencies, in particular over the frequency range 1.0 × 10 −5 ≤ f ≤ 2.5 × 10 −2 Hz, corresponding to 40 s ≤ T f ≤ 1.2 d, that we observe 1/f 3 spectral behavior. We have shown that the periodograms and scalograms in our ambient temperature measurements clearly follow cubic-law behavior; formulating a rationale with respect to why this is so is a work in progress.
